thE sEconD MEssEngEr
Insulin has multiple effects on metabolism, which can be classified as metabolic and mitogenic. Metabolic effects can be further divided into those related to glucose transport and to glycogen synthesis. These dual metabolic effects sometimes occur in discordance with each other. [1] This suggests the existence of more than one downstream insulin signaling pathway. While the dominant action occurs though the insulin receptor tyrosine kinase and its primary tyrosine phosphorylated substrates (insulin receptor substrate protein family) second messengers, inositol glycans also mediate many metabolic actions of insulin. The inositol glycans are insulinomimetic, and have an activating/sensitizing effect.
systEMic physiology
Two inositols of physiologic interest are MI and DCI. The enzyme epimerase converts MI to DCI, maintaining a physiological ratio, which varies from tissue to tissue. A ratio of 40:1 is thought to be physiological for most tissues. [3] Epimerase is a NAD, NADH-dependent enzyme which is stimulated by insulin to work as per tissue requirement. This stimulus is lost during insulin resistance in the systemic milieu. However, different tissues have varying requirements of these molecules. In the systemic intracellular pool, for example, 99% of all inositols are MI. A high concentration of MI is required to ensure healthy oocyte maturation in the ovary. [4] The three target organs of insulin, i.e., adipose tissue, liver, and skeletal muscle have a different ratio of the main inositol isomers. In these tissues, a relatively higher proportion of DCI is required to maintain homeostasis. In the setting of epimerase deficiency, less MI can be converted to DCI, a state of relative DCI deficiency occurs, and insulin resistance is promoted. [5] This, in turn, leads to the metabolic complications of hyperinsulinemia.
ovarian physiology
At the same time, the ovary remains sensitive to the effects of insulin, as it is immune to insulin resistance. This is known as the DCI paradox. [4] Hyperinsulinemia alters the FSH to luteinizing hormone (LH) shift, preventing the selection of a dominant follicle. Insulin increases granulose cell sensitivity to LH, thus increasing ovarian androgen production as well. This is mediated by a stimulation of cytochrome P450c17α. Ovarian theca cells in women with PCOS are also more efficient at testosterone production. High-insulin levels impede ovulation, too, probably through the inositol pathway.
Insulin activates mitogenic pathways in ovarian cells, increasing the transcription of steroidogenic acute regulatory protein and causing an increased production of androgens. [1, 2] Hyperandrogenemia worsens insulin resistance, accentuating a vicious cycle, by interfering with insulin signaling directly as well as indirectly. Androgens encourage lipolysis, leading to an increased free fatty acid concentration, which reduces insulin sensitivity. Androgens also reduce the proportion of highly oxidative, insulin-sensitive Type I muscle fibers, in comparison with glycolytic, insulin-resistant Type II muscle fibers. This vicious cycle is promoted by obesity, which enhances androgen synthesis in both ovaries and adrenals, and promotes leptin-mediated inflammation.
In the ovary, MI and DCI have specific duties to perform. MI supports FSH signaling, whereas DCI is responsible for insulin-mediated testosterone synthesis. In the normal ovary, these activities proceed in balance, allowing the maintenance of normal hormonal levels and facilitating ovarian function. In the polycystic ovary, systemic insulin resistance (hyperinsulinemia) accentuates epimerase activity, thus creating a higher DCI-to-MI ratio. This promotes hyperandrogenism and reduces the efficiency of MI-mediated FSH signaling.
inositol balancE
The relative concentrations of MI and DCI are dynamic, and vary in health and disease. These concentrations are organ-specific. Diabetes is a state of inositol imbalance, with a MI/DCI ratio of 20.4 (Type 2 diabetes) or 13.6 (Type 1 diabetes), as compared to 13.2 (nondiabetic relatives of Type 2 diabetic patients) and 2.5 (controls) in urine. In muscle biopsy specimens, MI concentration is increased in persons with Type 2 diabetes, and increases further after the administration of insulin. [6] In contrast, DCI is virtually undetectable in Type 2 diabetes muscle biopsy specimens and remains refractory to insulin infusion. In obese persons, there is an increased renal clearance of DCI, and this may account for a relatively higher urinary DCI concentration in obese patients.
In general, as patients progress from normal to impaired glucose tolerance, and then to Type 2 diabetes, urine DCI decreases progressively. This inositol imbalance is related to insulin resistance. Similar deficiency of DCI is found in women with PCOS and pre-eclampsia, both of which are syndromes of the underlying insulin resistance. DCI deficiency may be due to a defect in epimerase-mediated conversion of MI. Such conversion varies from 0.7% in the heart and 2.2% in the liver to 36% in urine, and 60.4% in blood (of nondiabetic rats). Conversion is much lower in diabetic rats as compared to nondiabetic animals. [6, 7] This hypothesis is strengthened by evidence from various studies on ovarian tissue. An in vitro study has demonstrated enhanced epimerase activity in theca cells of PCOS women. Another study reported an MI/DCI ratio of 100:1 in follicular fluid of healthy women, compared to a ratio of 0.2:1 in women with PCOS. [8] This creates uncertainty about the exact ratio of MI/DCI that should be aimed for while managing PCOS.
inositols: thErapEutic potEntial
It is suggested that the inositols MI and DCI can reduce insulin resistance, improve ovarian function, and reduce androgen levels in women with PCOS. The effect of MI on ovarian function and oocyte quality is independent of its concentration in circulation. [9] DCI has been shown to be involved in insulin metabolism. Urinary DCI levels are lower in patients with diabetes or impaired glucose tolerance. Serum levels of DCI are reported to be lower in women with PCOS, both at baseline and after administration of glucose loads. DCI treatment has been found to reduce insulin levels, lipids, and blood pressure, in women with PCOS. [10] clinical EviDEncE: Myo-inositol MI has been found to improve the number of good quality oocytes, clinical pregnancies, and delivery rates in overweight women with PCOS. Thus, it modulates the reproductive axis in a beneficial manner. In all these trials, a daily dose of 2 g MI was used over an observation period of 3-6 months. The biochemical, endocrine, and clinical benefits of MI were thought to be due to its insulin-sensitizing action.
A study used MI 2 g and folic acid as a soluble powder, twice daily, continuously, till the end of study (6 months) or a positive pregnancy test was obtained. Of 25 women with PCOS, 22 (88%) experienced a first menstrual cycle after 34.6-5.5 days. Of these 22, 18 continued to have regular menstruation and documented spontaneous ovulation. The length of successive cycles improved to 31.7 ± 3.2 days, and there was a significant fall in serum testosterone and free testosterone. Two more women showed follicular development on ultrasound, but did not exhibit an elevation of progesterone, thus suggesting anovulation. A total of ten biochemical pregnancies occurred during 6 months, of which one ended in a spontaneous abortion and one was a biochemical abortion. No multiple gestations were noted. MI can, thus, be used as a safe means of induction of ovulation in women with PCOS. [11] In a study of fifty women with PCOS, 2 g MI was found to reduce the risk of ovarian hyper stimulation syndrome with ovulation-induction protocols. Concentrations of LH, prolactin, androstenedione, insulin, and LH/FSH ratio were reduced significantly. Insulin sensitivity improved as well. The duration of ovulation induction and dose requirement of recombinant FSH were significantly lower with MI therapy. MI administration achieved lower oocyte retrieval, but had a greater proportion of large dimension (top quality) oocytes, which translated to a higher pregnancy rate. Biochemical pregnancy occurred in 15, clinical pregnancy in 10, and successful delivery in 8 women treated with MI, as compared to 8, 4, and 3 non-MI-treated participants. All these differences were statistically significant. [9] An Iraqi study on 95 participants reported that a combination of inositol 500 mg, with choline 500 mg and metformin 850 mg, all administered twice daily for 6 months led to a significant decrease in body mass index (BMI), serum leptin, and serum anti-Mullerian hormone (AMH), as compared to metformin monotherapy and lifestyle management alone. The isomer of inositol was not specified in the study. [12] Systematic reviews and meta-analysis have collated data on the efficacy of MI in PCOS, and suggest the need for further studies. [13, 14] Data also support the use of this molecule in gestational diabetes mellitus (GDM), [15, 16] which is also a syndrome characterized by insulin resistance.
clinical EviDEncE: D-chiro-inositol
Various authors have studied the effect of DCI on endocrine, metabolic, and reproductive parameters in PCOS. Administration of 600 mg DCI/day for 6-8 weeks to lean women with PCOS (BMI 20.0-24.4 kg/m 2 ) reduces insulin and free testosterone levels, while decreasing systolic blood pressure, diastolic blood pressure, and serum triglycerides. A higher rate of ovulation is noted with DCI, though the difference is not statistically significant. [17] In obese PCOS women (BMI >26 kg/m 2 ) also, DCI is found to improve endocrine parameters including serum testosterone, serum androstenedione, and gonadotropin-releasing hormone-induced LH response. It also reduces BMI and improves insulin sensitivity markers in PCOS patients with diabetic relatives, who exhibit a greater response as compared to those with no family history of diabetes. [18] The effect of DCI extends to menstrual regularity, which improves with its supplementation. [19] This regularity is associated with a decrease in serum AMH and in insulin resistance. Low AMH, high homeostatic model of assessment index, and presence of oligomenorrhea at the first visit are the independent predictors of achieving menstrual regularly with DCI. This effect may be mediated through a decrease in follicular fluid oxidative stress status. In a study conducted on 68 participants, women with PCOS were pretreated before ovarian stimulation with either DCI 500 mg b.d or metformin 850 mg b.d. or left untreated for 3 months. DCI improved the maturity and quality of oocytes significantly, while reducing oxidative stress (as measured by amino acidic free -SH group labeling). The usage of DCI was not associated with any adverse effect in this study. [20] These studies complement a relatively old Cochrane review, which assessed the role of insulin-sensitizing agents in the management of PCOS. [21] A similar Cochrane review, focusing on MI, is in progress for GDM. [16] 
Myo-inositol/D -chiro-inositol coMbination
Administration of exogenous DCI may be a means of bypassing defective epimerase activity [6] and achieving the downstream metabolic effects of insulin in DCI-deficient tissues. Epimerase activity is unidirectional, and DCI administration alone will not be able to mimic the effects of MI. Therefore, it is rational to provide a combination of both to ensure optimal insulin sensitivity. At the same time, the positive impact of MI on ovarian physiology may be due to its minimal conversion to DCI. [9] This hypothesis suggests that lower doses of MI may suffice if co-administered with DCI.
In a randomized controlled trial conducted in fifty obese PCOS women, a combination of 550 mg MI and 13.6 mg DCI, in capsule formulation, was found better than 2 g powdered MI, at improving metabolic, endocrine, and ovulation parameters, when administered twice daily over 6 months. [22] Another study showed a significant improvement in insulin sensitivity as well as lipid profile in such patients. [23] In a large study of 100 women, MI and DCI combination (1.1 g and 27.6 mg, respectively) was found to improve oocyte quality, embryo quality, and pregnancy rates, during in vitro fertilization. [24] A randomized controlled trial is currently underway in Spain to compare the effect of increasing the proportion of DCI in a MI/DCI combination and to assess the effect on oocyte quality and pregnancy rates in women with PCOS. Along with folic acid, parallel groups are being administered either MI 550 mg + DCI 150 mg (ratio 3.6:1) or MI 550 mg + DCI 13.8 mg (ratio 40:1), twice daily, for 12 weeks, in a double-blind fashion.
safEty/tolErability
Inositol is generally regarded as safe and can be used in pregnancy. [25] Its excretion in breast milk, and safety in lactation, is unknown. Gastrointestinal symptoms can occur, but are rare.
pragMatic prEscription
Keeping in view the above physiologic and pharmacological evidence, we suggest pragmatic use of inositol therapy in the prevention and management of PCOS. While the 2013 Endocrine Society guidelines for the management of PCOS do not suggest the use of inositols, [26] there is a definite role for this upcoming therapy. [27] Currently, PCOS treatment is based on lifestyle modification and metformin for metabolic modulation; clomiphene for the induction of ovulation; and oral contraception for menstrual regularity and management of hyperandrogenism. All these modes of treatment have their advantages and limitations. All of them focus on a single aspect of PCOS pathophysiology, and none is able to address all clinical aspects of the syndrome. While metformin does improve insulin sensitivity, thus alleviating the core defect of insulin resistance, it is not approved as a first line drug for the management of cutaneous or hyperandrogenic features.
Combination inositol therapy (MI and DCI) has the potential to improve all symptoms, signs, and laboratory anomalies of PCOS. Both inositols, prescribed together, should be able to improve the required inositol concentrations in both systemic circulation and the ovary, thus addressing the ovary inositol paradox. The correction of systemic insulin resistance by MI will treat the metabolic features of PCOS. Simultaneously, adequate DCI levels will create a healthy intra-ovarian milieu, which will correct hyperandrogenism, improve menstrual regularity, and promote ovulation and fertility.
Myo-+ D-chiro-inositol (MDI) therapy can be used in PCOS as monotherapy or as a combination with other treatment modalities. Such usage is based on biomedical as well as psychosocial factors [ Table 1 ]. The choice of an MDI preparation and MI/DCI ratio should be based on physiological factors. Current evidence is inadequate to provide a definite answer regarding the optimal MI/DCI ratio. While MI is necessary for metabolic management, DCI is equally important for menstrual, ovulatory, and cutaneous hyperandrogenic resolution. Therefore, the ratio may be less important than the absolute concentrations of both inositols. It is clear, therefore, that a high concentration of DCI is necessary to circumvent epimerase deficiency and ensure adequate levels in the ovary. Most pharmaceutical preparations provide very low amounts of DCI, which are insufficient to achieve adequate levels in the ovary. Hence, formulations with relatively higher levels of DCI are preferred.
suMMary
Inositols act as second messengers for insulin, and their deficiency contributes to the various features of PCOS. Correction of MI and DCI deficiency simultaneously, by using MDI therapy, may help in alleviating metabolic, menstrual/ovulatory, and cutaneous hyper androgenic features of PCOS. Thus, MDI is a rational treatment choice, both as monotherapy and in combination, in managing PCOS. Ongoing research will help enhance confidence in the scientific use of these molecules. Till then, pragmatic usage of MDI, in women with contraindications or intolerance to, and inadequacy of, other treatment modalities, should be advised.
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